Abstract The Arctic Ocean is the region on Earth supporting the steepest warming rate and is also particularly vulnerable due to the vanishing ice cover. Intense warming in the Arctic has strong implications for biological activity and the functioning of an Arctic Ocean deprived of ice cover in summer. We evaluated the impact of increasing temperature on respiration rates of surface marine planktonic communities in the European Arctic sector, a property constraining the future role of the Arctic Ocean in the CO 2 balance of the atmosphere. We performed experiments under four different temperature elevation regimes (in situ, ?2, ?4 and ?6°C above the temperature of the sampled water) during cruises conducted in the Fram Strait region and off Svalbard during late fall-early winter, spring and summer. During late fallearly winter, where only three different temperatures were used, no response to warming was observed, whereas respiration rates increased in response to warming in spring and summer, although with variable strength.
Introduction
The Arctic region is experiencing the steepest warming rate on Earth, three times faster than the global mean warming rate (ACIA 2004; Trenberth et al. 2007) , resulting in an abrupt reduction in ice cover, exceeding the range of natural variability over the past millennia (Walsh 2008 ). The ice cover over the Arctic Ocean registered a historical minimum, with a reduction of 43% relative to the ice cover in 1979, in September 2007, a loss equivalent to more than twice the area of Alaska (Kerr 2007) . Rapid warming is expected to continue in the future, with up to 6°C warming expected throughout the 21st century (ACIA 2004) . Reduced Arctic ice cover is expected to lead to improved growth conditions for phytoplankton (Carmack and Wassmann 2006; Pabi et al. 2008) and result in an 8-30% increase in primary production above current rates in regions such as the Barents Sea (Wassmann et al. 2006b; Ellingsen et al. 2008; Wassmann et al. 2008) , consistent with trends observed in the Pacific sector of the Arctic Ocean (Arrigo et al. 2008) .
Temperature plays a fundamental role regulating metabolic processes (Iriberri et al. 1985; White et al. 1991) . The Metabolic Theory of Ecology (MTE; Brown et al. 2004) predicts that primary production should increase with increasing temperature. However, the MTE also predicts that respiration rates should show a stronger response to increased temperature than photosynthetic rates, resulting in a reduction in the production to respiration ratio with increasing warming Lopez-Urrutia et al. 2006) . Harris et al. (2006) calculated, considering that the activation energy for photosynthesis is lower than that for respiration, that increasing temperature should lead to an increase in respiration rates twice as fast as that in net primary production rates.
Whereas predictions on the response of primary production to warming are available for the Arctic (Wassmann et al. 2006b; Arrigo et al. 2008; Ellingsen et al. 2008) , similar predictions for community respiration rates are not available for the Arctic. The applicability of predictions derived from general metabolic theory (Brown et al. 2004) , such as those produced by Harris et al. (2006) and LopezUrrutia et al. (2006) , to predict the response of respiration rates of Arctic plankton to warming is not guaranteed. There is evidence that bacterial respiration-the largest contributors to plankton respiration (del Giorgio and Cole 1997; Rivkin and Legendre 2001; del Giorgio and Duarte 2002) -show very steep responses to increased temperature at low ambient temperatures (Pomeroy and Wiebe 2001; Middelboe and Lundsgaard 2003) , such as those found in Arctic waters. Moreover, the response of bacteria to temperature is also dependent on substrate availability (Pomeroy et al. 1991) , which is likely to be low in the Arctic winter, when no primary production or riverine inputs from terrestrial sources occur, in contrast to high rates of primary production and large inputs of organic matter from terrestrial sources to the Arctic in summer (Wassmann et al. 2006a) .
Here, we examine experimentally the response of respiration rates of Arctic plankton communities to increased water temperature. We do so through experiments conducted in different seasons, each involving increased temperature by up to 6°C above the in situ sea-surface temperature, thereby encompassing the range of warming possible in the region by year 2050 (ACIA 2004) . Evaluating the response of respiration rates of Arctic plankton communities to increased water temperature is essential to predict the consequences of warming for the role of Arctic biota in CO 2 fluxes, as increased respiration rates may weaken, or even revert, the role of Arctic plankton communities as CO 2 sinks. (Hop et al. 2006) . The Kongsfjorden-Krossfjorden fjord system is situated on the west coast of Spitsbergen (Svalbard), at the eastern margin of the Fram Strait. It is mainly affected by the northbound transport of water in the WSC, and the mixing processes on the shelf result in the presence of Transformed Atlantic Water in the fjords (Hop et al. 2006) . The West Spitsbergen Current largely influences the west coast of Svalbard, and directly influences open fjords. Advection of warm water masses during late autumn and winter, together with prevailing wind patterns and air temperatures, may prevent ice formation in the fjords (Hop et al. 2006 ). During December 2006 (our sampling time), Kongsfjorden was almost completely ice free.
Materials and methods

Experiments
Five experiments were conducted on December 2006 on the ARCTOS cruise on-board R/V Jan Mayen, one experiment on the Barents Sea and four experiments in the Kongsfjorden (Svalbard). Five experiments were conducted on the Fram Strait on April 2007 during the iAOOSNorway cruise on board the icebreaker K/B Svalbard, and three experiments were conducted at three stations sampled in the Fram Strait on July 2007 during the ATOS cruise on-board the R/V Hespe´rides (Fig. 1) .
Water samples were collected at 1 m depth using a 12-l Niskin bottle attached to a Rosette sampler system fitted with a CTD, during the late fall-early winter and spring cruises, and using a 30-l Niskin bottle during the summer cruise. Surface water samples, collected from a total of 13 stations along the Barents Sea (one station), Kongsfjorden (four stations) and Fram Strait (eight stations), were incubated for 48 h in the dark at three different temperatures in December and four different temperatures in April and July, ranging from the in situ temperatures to 4 or 6°C warmer, depending on cruises. Water samples to measure respiration rates were carefully siphoned into a variable number of 75-ml narrow-mouth Winkler bottles. Between 23 and 39 bottles were filled for each experiment, resulting in 6-11 replicates per treatment. The samples were incubated for 48 h at each of the experimental temperatures. The incubation at in situ temperature on the April 2007 cruise was conducted by suspending the water bottles at the depth where they were sampled from a buoy attached to the ice edge, as the ship stayed at the stations for 48 h and in situ temperature variability over time was minimal at that time. All other experiments were run in incubators on-board the research vessel. The actual incubation temperatures used in each experiment are shown in Table 1 .
Dissolved oxygen in the bottles was fixed immediately after the end of the incubation period and analysed by high-precision Winkler titration, following the recommendations of Carritt and Carpenter (1966) , using a precise automated titration system with potentiometric (redox electrode) end-point detection (Mettler Toledo, DL28 titrator) (Oudot et al. 1988 ). The respiration rates were calculated from the decline in oxygen concentration after 48 h relative to the initial concentration and expressed as lmol O 2 l -1 day -1 . An estimation of the activation energy for respiration (E a , units eV) was derived from the slope of an Arrhenius plot of the natural logarithm of respiration rate against the inverse of the temperature (Kelvin) multiplied by the Boltzmann's constant. The Q 10 (the relative rate of increase in respiration rate expected for a 10°C temperature increase) was calculated by fitting, using least squares linear regression, the equation (Raven and Geider 1988) :
where R is the gas constant (8.314472 mol -1 K -1 ), T is the mean absolute temperature across the range over which Q 10 was measured (K) and E a is the activation energy (J mol -1 ), derived from the slope of the Arrhenius equation relating the natural logarithm of respiration rates (in mmol O 2 m -3 day -1 ) to 1/kT, where k is the Boltzmann's constant (8.62 9 10 -5 eV k -1 ) and T is the temperature (Kelvin). The slope of this relationship is the activation energy (E a ) in eV, which can be converted to J mol -1 using a conversion factor of 96486.9.
Results
A total of 13 warming experiments were conducted at stations with surface seawater temperature ranging from -1.85°C (salinity 33.8 psu) to 5.2°C (salinity 34.8 psu), with salinity varying between 32.05 and 35.09 psu across stations. The initial oxygen levels varied between stations. The mean oxygen concentration was at 82.2 ± 0.8% saturation, the minimum was 78.3% saturation and the maximum 91.7% saturation. Respiration rates at the in situ temperature ranged over two orders of magnitude across seasons, with extremely low respiration rates down to 0.18 lmol O 2 l -1 day -1 derived in April (Table 1) and quite high respiration rates during summer (maximum 20.13 lmol O 2 l -1 day -1 , Table 1 ). There was no significant relationship between the in situ temperature and the corresponding respiration rates (R 2 = 0.09, N = 12, P [ 0.05). The lack of a significant relationship was attributable to an extremely high respiration rate value obtained during summer. If this point is excluded, the relationship becomes significant (R 2 = 0.45, N = 11, P \ 0.03).
Increased temperature led to enhanced community respiration rates in 85% of the experiments. There was, however, considerable variability in the relationships between community respiration rate and temperature ( Fig. 2) , including two experiments where respiration rates declined with increasing temperature, both conducted during the dark period in the late fall-early winter of 2006 (Fig. 2 , Table 2 ). The slope of the relationships also changed greatly across experiments, indicative of a broad range of Q 10 and activation energy values across experiments (Fig. 2, Table 3 ). Only one experiment showed a statistically significant relationship between the natural logarithm of respiration (Ln R) and the inverse of temperature multiplied by the Boltzmann constant (1/kT). However, this was attributable to the low power of the analysis, as the vast majority of the experiments only had 3 or 4 data points to test this relationship. However, metaanalysis derived from the combined probability of the relationships obtained for individual experiments shows that there is indeed an overall tendency for a significant, negative relationship between Ln R and 1/kT (v 2 test, Sokal and Rohlf 1995) . Fitted Q 10 values ranged greatly, from 0.0008 to 32.9. Q 10 values were high in summer, ranging from 1.2 to 9.3, while much higher values were found in spring, when Q 10 ranged from 3.48 to 32.9 (Table 4 ). The mean (±SE) Q 10 across all 13 experiments conducted was 8.5 ± 2.9 (Fig. 3 , Table 5 ). Mean Q 10 values averaged 14.3 ± 5.2 at icecovered stations and 3.6 ± 1.7 in open waters, but these differences were at the edge of statistical significance (F = 4.37, P = 0.06). Q 10 values did not differ between seasons (F = 2.36, P [ 0.05, Fig. 3 ), but the mean Q 10 values were higher during spring than in summer and late fall-early winter (Table 5) .
The activation energy ranged from 13.8 to 220.6 kJ mol -1 K -1 (Table 4) , with a mean ± SE value of 115.5 ± 20.5 kJ mol -1 K -1 across experiments (Table 5 ). There were no significant differences in Ea between seasons (F = 1.2, P [ 0.05) or between stations with ice or free waters (F = 3.3, P [ 0.05), but Ea showed lower values in late fall-early winter (mean ± SE = 78.54 ± 39.46), followed by summer (96.86 ± 41.63) and spring (148.79 ± 27.92) with a high variability across stations (Fig. 3, Table 5 ). The overall activation energy for respiration can be derived from the slope of the Arrhenius plot when all experiments are pooled together (Fig. 4) . The activation energy derived in this manner was 1.05 ± 0.3 eV or 101.2 ± 28.9 kJ mol -1 K -1 . An overall Q 10 can be calculated from this general activation energy, resulting in a Q 10 value of 5.0.
Discussion
During spring and summer cruises, all experiments showed a positive relationship between respiration rates and incubation temperature. Only two experiments showed declining respiration rates with warming. These experiments were conducted during the 24-h dark period in late fall-early winter, when experimental results showed the greatest variability in responses, with some experiments showing increased respiration rates and some showing reduced respiration rates with warming. During the dark period, plankton community respiration rates are probably limited by substrate availability. Bacteria in polar waters operate far below their temperature optima at all times, and in the absence of available substrate, no increase in respiration rates is possible even if the temperature rises (Pomeroy and Wiebe 2001) .
The experimental Q 10 values for the current Arctic plankton communities varied greatly, from 0.0008 to 32.9 across experiments, with variability among seasons and locations (Table 4) . We found no published Q 10 values for respiration of Arctic plankton communities, only for specific taxonomic groups of nano-, micro-and mesozooplankton using very high temperatures to assess their Q 10 values (Hansen et al. 1997) . Q 10 values for leucine and thymidine incorporation into Arctic bacteria have been reported with values of 3.1 ± 2.6 and 1.9 ± 0.56, respectively (Kirchman et al. 2005 ), but not for respiration rates. Our results can be compared to Q 10 values estimated for Antarctic communities, reported to range between 1.45 and 23.99 (Robinson and Williams 1993) , from 2.34 to 11.9 (Tilzer and Dubinsky 1987) , and a single value of 3.2 reported by (Vosjan and Olanczukneyman 1991) . The median Q 10 value reported here for Arctic plankton respiration of 6.19 is within the range reported for planktonic communities in the Southern Ocean (1. 45-23.99, Robinson and Williams 1993) , suggesting that the response of respiration rates to warming is comparable for Arctic and Southern Ocean plankton communities. However, the range of Q 10 values reported for Arctic communities here is much broader, and tends to include higher values, than those reported for the Southern Ocean (Mean ± SE = 4.93 ± 1.10, Robinson and Williams 1993) , probably because all experiments reported for the Southern Ocean were conducted in austral summer. Q 10 values differ considerably depending on the range of temperatures assessed (Berges et al. 2002) , being typically highest at the lower end of the natural temperature range (Pomeroy and Wiebe 2001) . Indeed, Kirchman et al. (2005) demonstrated that bacteria are limited by temperature rather than by substrate in polar waters, suggesting that a temperature increase could result in large increases in growth, production and respiration rates. Lomas and Glibert (1999) proved that some diatoms are also limited by temperature, reducing their nitrogen uptake at low temperatures. These studies suggest that small temperature increases at the lower end of the natural temperature range leads to greatly enhanced metabolism, resulting in high Q 10 values at low temperatures.
The area sampled in this study was quite heterogeneous, as four of the late fall-early winter experiments were sampled in a fjord of Svalbard, samples were collected from a community in heavily ice-covered waters in spring, and most stations were sampled from ice-free waters in summer. Biogeographical processes strongly influence the assemblage structure of picoeukaryotes (Hamilton et al. 2008) and probably also influence the response of the planktonic community to warming, probably accounting for some of the variability in responses. Comparison of Q 10 values for respiration (this study, mean ± SE = 8.54 ± 2.88, median = 6.19, Fig. 5 ) with Q 10 values reported in the literature for photosynthetic rates for natural Arctic planktonic and ice algae communities (mean ± SE = 1.34 ± 0.14, median = 1.13, Fig. 4 ; Li and Dickie 1984; Michel et al. 1989) , which presented no statistically significant differences in photosynthetic Q 10 values among them (F = 0.04, P = 0.84), confirms that Q 10 values for respiration are significantly higher than Q 10 for photosynthesis in Arctic communities (F = 9.78, P \ 0.004). This finding supports the hypothesis of a greater response of community respiration to warming compared to photosynthesis, suggesting that the CO 2 sink capacity of Arctic planktonic communities will decline with increasing warming.
The Arctic Ocean is surrounded by land and receives large amounts of terrestrial dissolved organic matter (DOM) from riverine inputs, having the highest concentration of terrestrial DOM in any ocean (Benner et al. 2005) . Increasing temperature leads to a higher Eurasian rivers discharge (Peterson et al. 2002) , and increased run-off leads to higher dissolved organic carbon (DOC) concentration (Cooper et al. 2005) . In a warmer Arctic, the input of terrestrial DOM may increase further as tundra soils and permafrost melt. The elevated inputs of terrestrial DOM can be photochemically oxidised in an ice-free Artic Ocean during summer, providing substrates to increase respiration and microbial production. Hence, increased allochthonous organic inputs with warming should enhance Arctic planktonic respiration rates above the levels expected to results from warming. Climate change will also impact on the species composition of organisms in the Arctic plankton community. Warming will allow organisms to be introduced from both the Atlantic and Pacific into the Arctic, and psychrophilic prokaryotes may, in turn, decline as components of planktonic communities in warmer Arctic waters. Indigenous microorganisms can also evolve and exhibit evolutionary responses to long-term environmental changes (Lynch et al. 1991) and possibly adapt to a warmer Arctic. The power of the results presented here to predict the response of planktonic respiration to a warmer Arctic is, therefore, limited by the effect of parallel changes in the environment, community structure or genetic adaptations, which will compound with the physiological responses to warming.
Our results suggest that a future 6°C warming of the Arctic Ocean surface water may yield a mean increment in respiration rates of 62%, doubling the 30% increment expected for primary production (Wassmann et al. 2008) , and 3.8-fold higher than the 16.1% increase in photosynthetic rates derived from Q 10 values reported in the literature (Fig. 5) . The increase in respiration rates will be further aggravated during spring, when respiration rates may increase by, on average, 76% with a 6°C warming. The effects of warming on Arctic planktonic respiration rates reported here are relevant to assess possible impacts of warming on carbon cycling in the region, as increased respiration rates imply less. This conclusion is consistent with that of Kirchman et al. (2009) , who suggested that planktonic communities in a warmer Arctic would channel a greater fraction of carbon to the microbial loop, which is characterised by a low carbon use efficiency, reducing the fraction of carbon available to higher trophic levels and that exported to the deep sea and the benthos while increasing the fraction of carbon respired.
Our results suggest that the increase in plankton respiration rates with a 6°C warming will far exceed the increase in photosynthetic rates expected from the temperature-dependence of photosynthetic rates reported in the literature. Arctic planktonic communities presently act as an intense sink for atmospheric CO 2 during northern summer (Takahashi et al. 2002) . However, the results presented here predict that the role of Arctic communities as significant CO 2 sinks may weaken substantially, and even be reverted to become CO 2 sources to the atmosphere, with global warming. (Neori and Holm-Hansen 1982; Tilzer et al. 1986; Tilzer and Dubinsky 1987; Kottmeier and Sullivan 1988; Priscu et al. 1989 ), Q 10 for respiration for Arctic communities from this study, and Q 10 for photosynthesis for Arctic communities from (Li and Dickie 1984; Michel et al. 1989) Polar Biol (2010) 33:1661-1671 1669
